single, multiple, or broadband frequency of the electromagnetic spectrum. The ultrahigh light absorption is obtained due to an impedance match between the material and the medium. [9] Here, the electric and magnetic resonances are designed so that the bulk effective impedance is equal to the one of the free space (air or vacuum). As a result, most of the incident light is absorbed and the reflection is negligible. Salisbury [10] and Dallenbach [11] first idealized classical absorbers to operate in the microwave range of the electromagnetic spectrum. The former included a resistive layer located at a quarter wavelength from a metallic substrate while the latter consisted of a dielectric layer on top of a metallic substrate.
Building blocks that 'perfectly' absorb electromagnetic radiation from ultraviolet (UV) to radio frequency have direct applications in thermal emission and detection, [1, 2] thermoelectronics and thermophotovoltaics, [3] [4] [5] sensors, [6] and radar and stealth technology. [7, 8] Superabsorbers (also termed perfect absorbers) are artificially constructed materials (or metamaterials) that present a resonance that corresponds to near unity absorbance over a www.advopticalmat.de dielectric function. [26] Further, GaAs on Au has been experimentally reported to absorb 96% of incident light at λ = 38 µm. [27] To control the range of operation of metallic thin films and nanostructures for nanophotonics, alternative materials and geometries have been recently considered, such as metal alloys, transparent conducting oxides, transition metal nitrides, yttrium hydride, semiconductors, among others. [29] [30] [31] [32] [33] [34] Specifically, the alloying of metals has allowed materials with optical responses unachievable by the individual metal components. [29] Imminent material options for on-chip nanophotonics rely on metals like Al and Cu due to their fully complementary metaloxide-semiconductor (CMOS) compatibility and low-cost/earth abundance. These metals have well-defined permittivity with absorption at λ ≈ 460 and ≈600 nm, respectively. Therefore, mixing them could provide thin films with adjustable permittivity that complement the semiconductor layer for near-unity absorption in the thin film configuration.
Here, we demonstrate by analytic calculations and numerical simulations that near-unity absorption (> 99%) is achieved in a bilayer planar configuration superabsorber composed of an alloyed metallic layer (with nominal composition of Al 0.5 Cu 0.5 or AlCu) and a semiconductor (Si, Ge, and GaAs). Using the transfer matrix method (TMM), we perform a quantitative and comparative analysis of the optical response of different metals, including Ag, Au, Cr, Al, Cu, and AlCu. We find that AlCu substantially outperforms those pure metals commonly used in photonics. The Si/AlCu system supports Brewster modes, where the high absorption resonance peak can be finely tuned from the visible to the NIR by simply varying the thickness of the semiconductor layer. Furthermore, we find that the planar structure of Si/AlCu is a dual-band superabsorber with the first and second modes in the NIR and the visible regions of the electromagnetic spectrum, respectively. As desired, the high absorption is independent of the polarization and spans a large oblique angle of the incident light. Additionally, by increasing the value of the index of refraction of the surrounding medium, the absorption maxima blue shifts while changing between optical modes. Finally, as a proof of concept, we fabricate a-Si/AlCu thin film superabsorbers and demonstrate that a single and dual-band near-unity absorption is obtained by adjusting the semiconductor thickness, in agreement with our simulations. Our results reveal the potential of thin film metal alloys in future nanophotonic applications, spanning from integrated optical circuits to sensing devices and thermo-photovoltaics.
A schematic illustration of the thin film superabsorbers investigated here is presented in the top row of Figure 1 . The thin film thicknesses considered are d (variable) and h = 100 nm for the Si top and the metallic bottom layers, respectively. Here, we choose Si as the semiconductor because of its CMOS compatibility. Also, the band gap energy of Si (at 1117 nm) lies in the NIR, enabling us to access the optical response of the absorber stack for energies lower than the semiconductor's band gap, where light is absorbed by the metal alloy, see absorptance maps in SI file (a process that is assisted by the refractive index contrast between Si and AlCu). We first compare the absorption profile of superabsorbers with adjustable Si thickness and using Ag, Au, Cr, Al, Cu, as well as AlCu. The permittivity of all metals is obtained experimentally by ellipsometry measurements (see the Experimental Section for details) from thin film samples fabricated by sputtering (see Figures S1 and S2 and Table S1 in the Supporting Information for their optical properties and for the chemical composition analysis of the AlCu film, respectively). To minimize the contribution of metal oxidation due to air exposure, we perform the ellipsometry measurements immediately after the deposition of the thin films.
The absorber with the alloyed metallic layer outperforms all stacks containing pure metals with a remarkably higher absorption peak for a broad range of Si thicknesses, as displayed in Figure 1a -f (see Figure S3 in the Supporting Information for comparison between experimentally obtained and Palik's data). The absorption profile within the semiconductor/metal alloy stack is presented in Figure S4 in the Supporting Information, and shows strong light absorption in the AlCu layer, beyond the bandgap of Si, as expected. For the analysis of the first absorption resonant mode (m 1 ), we consider the normal incidence absorption spectra as a function of d = 5 to 75 nm (color-coded). In all cases, m 1 redshifts as the film thickness d increases. Au has an absorption maximum of 94.85% for d = 10 nm. The overall absorption of the noble metals lowers in the NIR range of the spectrum for thicker Si films (> 40 nm). For Cr, the absorption peak of the superabsorber slightly increases in the NIR, reaching its maximum value (94.56%) at d = 75 nm. Despite the fact that Si does not absorb beyond its band gap, its n value allows a resonance due to the non-trivial phase shift at the interface between Si and Cr, enhancing the overall absorption of the stack. [35] Pure Al and pure Cu present an absorption maximum of 97.07% and 98.50% in the visible range of the spectrum for d = 10 and 15 nm, respectively, see Figure 1d ,e. The superabsorber containing AlCu clearly holds the maximum absorption over a wide range of the electromagnetic spectrum. From d = 5 to 75 nm, > 98.16% of the light is absorbed, spanning visible to NIR wavelengths-as shown in Figure 1f . We attribute the unique optical response of the AlCu alloy in the NIR to a change in the band structure of the material. [36] In addition, it is likely that the small grains composing the film and their boundaries lead to increased absorption. [37, 38] Thus, as a consequence, the permittivity's imaginary part presents a higher value than the pure metals (see Figure S2 in the Supporting Information). near-unity absorption can also be obtained (see Figures S6-S10 in the Supporting Information). Commonly, a dual-band absorber is achieved by designing arrays of nanostructures. [39] The origin of the optical response of AlCu lies on both real (ε 1 ) and imaginary (ε 2 ) parts of the permittivity. The low magnitude of |ε 1 | over the entire spectrum is responsible for the strength of dynamical screening effects which, in combination with the large value of ε 2 (especially in the NIR), leads to a high absorption of AlCu.
One advantage of the planar configuration for superabsorbers is the wide oblique angular tolerance of its resonant peak. [12] Figure 1m-r displays the absorption maps as a function of the incident angle (θ) of an unpolarized light for d = 45 nm. Ag and Au have an inferior response for the mode m 1 , absorbing < 45% of light in the NIR. However, for the mode m 2 , ≈98% and ≈84% is absorbed in the visible for Ag and Au, respectively. The angle dependent maps for Cr, Al, Cu, and AlCu show that the characteristic peaks m 1 and m 2 remain high for a large θ (≥70°). The superior performance of the system containing the AlCu alloy strongly indicates its potential application in CMOS-compatible superabsorbers.
We quantitatively compare the absorption maps of Si/metal stacks with an arbitrary index of refraction ( = + n n ik ) for the metal; see Figure 2 , where the selected wavelengths refer to the maximum absorption for the Si/AlCu stack with different semiconductor thickness shown in Figure 1a -f. We find that the stack with the AlCu alloy outperforms the ones formed by pure metals whenever the thickness of the semiconductor is ≥15 nm. The symbols in Figure 2 correspond to the refractive indices of Ag, Au, Cr, Al, Cu, and AlCu. In our calculations we consider an optimal thickness of h = 100 nm for the metallic layer in order to eliminate the transmission signal of the system (see Figures S11 and S12 in the Supporting Information for details); thus, the performance of each metal can be independently evaluated. For all cases, AlCu offers the best alternative from all metals investigated (see Figure S13 in the Supporting Information for the performance of potentially CMOS-compatible metals). www.advopticalmat.de present comparable performance with high values for the absorption, as shown in Figure 2d .
To assess the possible effects of angle and light polarization on the optical response of the Si/AlCu system, we deconvolute these parameters by calculating the absorption profile for three different Si thicknesses. The planar configuration containing AlCu exhibits near-unity absorption that is insensitive to the incident angle and polarization, a desired feature for emitters and sensors. (Figure 3g-i) . In all cases, the absorption peak corresponding to m 1 remains high over a large incident angle range. At ≈50°, 95% of the unpolarized light continues to be absorbed, decreasing slightly to 80% at ≈70° (Figure 3a,d,g ). For oblique incidence, the s-and p-polarized light exhibit different responses. For s-polarized light, the mode m 1 presents > 95% absorption for θ up to ≈60° (see Figure 3b ,e,h, respectively). For p-polarized light, the features are considerably different for the three Si thicknesses considered. 
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Motivated by the multi-wavelength near-unity absorption behavior of the Si/AlCu system, we discuss in Figure 4 the effect of the surrounding media on the absorption characteristics of the superabsorber. For all semiconductor thicknesses considered, at normal unpolarized incident light, the absorption maximum of Si/AlCu blue shifts while increasing the index of refraction (n), changing from m 1 to m 2 or m 3 . Figure 4a shows the near-unity absorption peak gradual shift from the visible range of the electromagnetic spectrum to the UV, from λ = 490 nm (99.04%) to 341 nm (76.36%), for n = 1.0 to 2.5, respectively. Similarly, Figure 4b presents the absorption maximum changing from λ = 895 (98.2%) to 406 nm (99.95%) as n goes from 1.0 to 2.0 when d = 45 nm. Lastly, Figure 4c shows a transition from a dual-to a single-band superabsorber. For n = 1, there are two peaks with extremely high absorption, one at λ = 1319 nm (96.97%) and another at λ = 506 nm (99.93%). As n increases, the absorption peak at λ = 397 nm also increases, reaching a maximum of 97.25% for n = 2.5.
As a proof of concept, we fabricate a-Si/AlCu thin film superabsorbers (see the Experimental Section for details of the fabrication and measurements, and Figure S14 and S15 in the Supporting Information for sample details). Figure 5 shows the measured and calculated absorption maps as a function of θ and λ for 95 nm AlCu metallic films coated with 6, 53, and 94 nm a-Si. The resonant peak redshifts as the thickness of the semiconductor increases. For all cases presented here, the multi-wavelength near-unity absorption of the a-Si/ AlCu system is > 85% for a wide angle of incidence. In particular for d = 6 nm the mode m 1 at λ = 216 nm spans over 40° (Figure 5a) . Likewise, for d = 53 nm at λ = 645 nm the maximum absorption goes up to 70° (Figure 5c ). For the sample with d = 94 nm, we obtain a dual-band superabsorber, where an absorption > 85% is maintained up to 70° for the two modes (λ = 451 and 1062 nm). Our experimental results are in good agreement with the calculations, as presented in Figures 5b,d ,f, where peak position, intensity, and maximum angle of incidence match.
Here, we provide a guide for obtaining superabsorption through a lithography-free, CMOS-compatible approach that can be easily scaled up. We show numerical and experimental evidence that the alloying of Al and Cu metals yields a unique permittivity, not obtained by its pure counterparts. When combined with a thin film semiconductor layer this alloy enables near-unity and multi-wavelength absorption. According to the phase diagram of Al-Cu, [40] we speculate that our AlCu could be a disordered material, with lower electron mean free path when compared to both pure Al and Cu. [41] In turn, this leads to a higher value of the imaginary part of the permittivity in the NIR region for the alloy (see Figure S2 in the Supporting Information). Thus, the combination of the strength of the polarization generated by an external electric field (small |ε 1 |) and the losses in the metal (large ε 2 ) provides the ideal condition for tuning the wavelength of the near-unity absorption (> 99%) ranging from the visible to the NIR.
In conclusion, we presented a multi-wavelength, polarizationindependent and wide-angle near-unity superabsorber formed by a semiconductor/AlCu metal-alloyed thin film stack. For the metallic material, we designed an alloy of Al and Cu that outperforms pure metals. A complete description of the light absorption within the stack, using TMM and numerical simulations demonstrated that ultrahigh absorption (> 99%) arose from the Si/AlCu system, where the peak could be finely tuned from visible to NIR by increasing the thickness of the semiconductor layer. Absorption maps of the incident angle for an unpolarized light confirmed its omnidirectionality, where 95% of light was absorbed within 50° from the normal incidence angle and decreasing slightly to 80% at 70°. The index of refraction of the surrounding media was found to be an efficient knob to promote the second and third optical modes with maximum absorption. Additionally, we obtained a dual-band superabsorber with a planar Si/AlCu structure, with both peaks presenting absorption > 98%. To validate our predictions, we fabricated a-Si/ AlCu superabsorbers and confirmed that near-unity single-and dual-band responses are achieved by simply changing the thickness of the semiconductor layer. Superabsorbers containing an engineered AlCu metal alloy thin film could have a significant impact in applications such as sensors, photodetectors, optical www.advopticalmat.de filters, and radar technologies due to their high performance and straightforward scalability in size, overcoming the current challenges of incorporating nanostructures. Further, the potential compatibility with well-established CMOS fabrication processes could likely enable low-cost, mass production of nanophotonic devices incorporating these earth-abundant metal alloys. We foresee this new material as a promising alternative to modulate the optical response of active components in photonic devices. By varying the chemical composition of the alloyed metals, one can reach responses not obtained by pure elements.
Experimental Section
Sample Fabrication: Ag, Au, Al, Cu, AlCu thin films were deposited by sputtering/cosputtering, and Cr was deposited through thermal evaporation on glass substrates, which were cleaned with deionized water, acetone, and dried with N 2 before the deposition step. The deposition rate was 5.5 nm min −1 for Al, Cu, and AlCu, 53 nm min −1 for Ag, 38 nm min −1 for Au, and 6 nm min −1 for Cr. All deposition rates were calibrated by adjusting the power of each metal source based on the film thickness determined by ellipsometry. During the deposition, the glass substrate was rotated at 8 rpm to obtain a uniform chemical composition for the thin films. Note that the fabricated Cr sample is metallic in the visible despite the presence of Cr oxide that commonly results from thin film deposition. [42] For the superabsorber samples, a-Si was deposited on AlCu alloyed thin film and glass by e-beam evaporation at a rate of 1.5 Å s −1 . The sample holder was rotated at a speed of 50 rpm during the deposition. The a-Si thickness and permittivity were determined using ellipsometry.
Dielectric Function Model: The ellipsometry measurements were performed using a J. A. Woollam spectroscopic ellipsometer (wavelength range: 193-1680 nm) to record both reflection and transmission spectra. The reflection measurements were acquired at 60°, 65°, and 70° and the transmission was performed at 0° (from the normal incidence). A B-spline model was applied to extract the dielectric function for each metallic thin film, as reported previously. [29] For all metallic films, the mean square error of all fits was <6. Ellipsometry was used to determine the thickness of the sample less than 100 nm, otherwise the thicknesses were obtained by profilometer.
Absorption Maps:
The absorption maps were obtained based on the reflection maps by considering zero transmission for Si/AlCu stack ( Figure S11 , Supporting Information), which were measured by ellipsometry. Baseline measurements were performed at each incident angle using a standard 25 nm SiO 2 /Si wafer.
Elemental Analysis: The elemental analysis for the AlCu alloyed thin film was performed by energy-dispersive X-ray spectroscopy in a scanning electron microscope (SEM) system (see Table S1 in the Supporting Information). These measurements were acquired on three 20 × 20 µm 2 representative regions of the sample, and showed a chemical composition of Al 0.55 Cu 0.45 . To determine the atomic ratio between Al and Cu, the quantification was performed for each location after acquiring the signals for 2 min and 40 s.
Transfer Matrix Method: The TMM was used to calculate the transmission (T) and reflection (R) coefficients of an incident plane wave propagating along the z-axis through a thin layer of semiconductor on top of a metal substrate. Therefore, light absorption (A) was computed as A = 1 − R − T. For an optically thick film T = 0; and A = 1 − R. In this stack configuration, the field within one layer can be represented as the superposition of left-and right-traveling electromagnetic waves. Applying the proper boundary conditions, one can describe the propagation of the waves in the matrix form as 
where E i0 , E r0 , and E t are the incident, reflected, and transmitted electric fields for a system containing N layers. For each layer j the transfer matrix is given by 
